Growth rates of three symbiotic corals in the Red Sea Abstract-Growth rates of the hydrocoral Millepora dichotoma and the corals Acropora variabilis and Stylophora pistillata were studied by applying the buoyant weighing technique and statistical analysis. We found that M. dichotoma exhibited the slowest relative growth, whereas S. pistillata and A. variabilis were faster growers, with weight-based doubling times of about 3, 1.2, and 1.3 yr, respectively. In the case of A. variabilis, as well as in bladed colonies of M. dichotoma, growth rate per unit weight was size independent, whereas in S. pistillata a clear positive correlation was found between the relative growth rates and the initial colony buoyant weights. M. dichotoma and A. variabifis demonstrated distinct seasonal growth oscillations (2-month time lag with respect to the seasonal trend of the ambient water temperature). We conclude that the oscillations in the absolute growth rate of corals resulted from the seasonal changes in water temperature.
Considerable literature exists on the subject of growth of hermatypic corals (Bak 1976; Buddemeier and Kinzie 1976; Gladfelter et al. 1978; Gladfelter 1983 Gladfelter , 1984 Gladfelter , 1985 Yap and Gomez 1985) in which coral growth rates are defined and measured either as linear or as mass growth. Skeletal growth of calcifying corals has been investigated by several methods, including vital staining with alizarin S dye, analysis of skeletal banding by X-ray and y densitometry, 14C and 4sCa radiotracer techniques, and the alkalinity anomaly method. Methodological aspects were reviewed by Buddemeier and Kinzie (1976) and more recently by Barnes and Lough (1997) . X-ray and y densitometry studies revealed in many coral species band patterns of different densities (e.g. see Rhoads and Lutz 1980; Hudson et al. 1982; Lough 1989, 1997; Klein and Loya 1991; Logan and Tomasik 1991; Klein et al. 1992; Lough et al. 1996) . However, these methods were applied only to massive species that record environmental fluctuations in their skeletal structure. Because these methods require the colony to be sacrificed, putting such data in correspondence with time is difficult and inaccurate. Barnes and Crossland (1980) performed a nondestructive, time-lapse photographic study in the laboratory and measured short-term elongation rates in branches of the staghorn coral Acroporu cervicornis by comparing photographs taken at 6-h intervals. They suggested a seasonal effect on daily linear extension of the branches. However, the data obtained by that method, which are appropriate for study of linear growth of corals, as well as the data of densitometry, which deal with slices of the skeleton, cannot be directly transformed to that of the skeletal weight without using auxiliary information. The buoyant weighing technique (Franzisket 1964; Jokiel et al. 1978) , based on direct measurements of skeletal mass increase, is far less destructive and is suitable for the study of coral weight dynamics. This technique was modified by Davies ( 1989 Davies ( , 1990 , who measured the growth rates of small coral branches and demonstrated that the technique is simple and accurate. It may provide a bioassay of stress at an early stage of sublethal environmental perturbation.
In the present work, the long-term trends and the seasonal variability in weight growth of colonies of Acroporu variabilis and Stylophora pistillata and the hydrocoral Milleporu dichotoma were studied by a modification of the buoyant weighing method. The growth data were subjected to mathematical #analysis that involved fitting exponential functions and extracting the "pure" relative oscillations.
Transplantation of M. dichotoma, A. variabilis, and S. pistillatu was carried out in the following way. Pieces of colonies of the three species were collected from the fringing reef adjacent to the H. Steintiz Marine Biology Laboratory at the northern part of the Gulf of Eilat (Red Sea). Samples of approximately similar dimensions were chosen, which were carefully cleaned under running seawater from cryptobiotic, burrowing organisms, and other debris. The 45 samples were then glued to polyvinyl chloride (PVC) tubes (3 cm diarn, 6 cm long) that were inserted into three PVC boards, The mass accretion was allowed only by growth at the tips, while the growth down into the PVC tubes was prevented by epoxy resin that tightly sealed the inside downfacing ends of the nubbins. The weight of each tube and the resin was carefully measured before gluing the samples in order to be later subtracted from the total weight of the transplanted colonies and their holders. The nubbins of each species were put onto a separate board (15 replicates from each species in three parallel rows) to avoid interspecific interactions. The minimal distance between the transplanted colonies initially was 25 cm. During the experiment, damaged samples were removed, which allowed us to place the remaining colonies at greater distances. At the end of experiment, the minimal distance was 35 cm, with the typical distance being 150 cm, well beyond any intraspecific interaction. The boards with the corals were placed at 4-m depth and secured to a rigid frame slightly raised above the soft substratum to avoid sediment loading. After 3 weeks of regeneration, the transplants were checked for survival and recovery from handling. Recovery was defined as the beginning of peripheral growth covering the upper part of the PVC tube (Vago et al. 1994) . To minimize tissue abrasion due to handling, the samples were manipulated only by the PVC tubes. Weighing was carried out with a Mettler BB240 balance (+_O.OOl g) positioned 30 cm above the bench surface. The samples were harnessed by a nylon fishing line to a hook at the bottom of the balance. During weighing, the coral and its base were immersed in seawater in an acrylic tank that was positioned below the balance. Water density variations were monitored by buoyant weighing of a piece of glass of known volume. Each colony was weighed 6-7 times over a 15-month period (from 17 December 1992 until 23 March 1994). During this period, the transplanted corals had been twice affected by heavy storms, which resulted in tissue damage and breakage of some of the colonies. Only data from undamaged colonies were used in the course of the subsequent analysis. The seawater temperature in the upper l-m layer was measured continuously during the experiment.
The raw data of buoyant weighing are shown in Fig. lac. In M. dichotoma and A. variabilis the colonies of the same species demonstrated similar growth patterns-a period of accelerated growth (usually, the first four points on each graph) followed by a period of deceleration (the remaining two or three points) for nearly every colony (Fig. la, b) . Such a shape of the growth curves, however, cannot be interpreted as logistic growth, which would be expected when a colony approaches the upper limit of its size. Indeed, this pattern is apparent in the growth of every colony of the two species independent of colony size. Furthermore, accelerations and decelerations are almost synchronous (owing to the lack of data it is difficult to judge S. pistillata in this respect). On the other hand, in all three species the growth curves diverged from each other in the course of the experiment. This means, in terms of long-term growth trends, that the larger the colony, the faster is its mass accretion (except for one colony of M. dichotoma). In other words, our transplanted colonies remained relatively small during the experiment; hence, in the long-term perspective, they may be considered as being at the initial, accelerated phase of growth (far from any maximal size). Correspondingly, the observed synchronous variations in the rates of their growth should be interpreted as seasonal ones, as their period is close to 1 year.
These conclusions must be verified statistically. For this purpose an approximation of the buoyant weight growth data by theoretical curves can be applied. Based on the above analysis, no simple linear approximation (due to the longterm acceleration of the growth) or fitting of any sigmoid curve (and thus incorporating maximal colony size) would be suitable here. To study the growth dynamics, especially the growth rates of the corals and the possible seasonal effect on them, an exponential approximation has been used, which is conventional for young populations and colonies (Odum 1971; Bak 1974 Bak , 1976 . First, the actual buoyant weight, IV,, at each time of measurement, t, (subscript i being the date index), was transformed to logarithmic scale. Then, a linear regression analysis of the transformed values, ln(W,), vs. time, t (in days), was performed, from which the parameters W, and r of the equation were found. The parameters are, respectively, the estimated initial buoyant weight and the relative growth rate (i.e. the growth rate per unit weight, d@(t)l@(t)dt) of a colony. Along with the estimates of these parameters, the conventional statistical estimates for linear regression analysis have been obtained, namely, the squared correlation coefficient (R*) and standard deviations (SD) of the estimated slope and intercept. The SD values are relatively small whereas R* is close to 1 (Tables l-3) , which proves the statistical validity of fitting an exponential function to the growth data. Fig. 2 demonstrates sample results of this procedure for each species.
We found that M. dichotoma exhibited the slowest relative growth among the three species, -0.4 X lo-' to 1 X lo-' d-l (Table l) , while A. variabilis and S. pistillata are faster growers, with Y ranging from -1 X 10-j to 2 X lo-' d-l (Tables 2, 3 ). In the case of A. variabilis the relative growth rate, r, was found to be size independent-it varied insignificantly from colony to colony, the mean being r = 1.63 X 10-j d-l and SD ==: 1.4 X lop4 dP1 (i.e. C.V. = 0.085 << 1). The growth dynamics of M. dichotoma are more complicated. Within the "bladed" (sensu Weerdt 1981) morphotype, Y was also found to be nearly independent of W, (the first five columns in the Table 1 ; P = 0.652 X lo-' d-l, SD = 0.60 X lop4 d-l, and C.V. = 0.091). But deficiency of data on boxwork and lacelike morphotypes (the last two columns), due to tissue damage, did not permit us to carry out a similar analysis. Nevertheless, we do see that the relative growth rates of these colonies differed significantly from that of the bladed ones shown above. In S. pistillata (for four undamaged colonies) an strong positive correlation (R2 = 0.995) between r and W, has been found (Fig. 3) . Such a size dependence of r indicates fast, long-term acceleration in the growth of this species.
As was shown above, the slowest grower among the species under consideration is the hydrocoral M. dichotoma. Based on the constancy of the relative growth rate within the bladed morphotype, we are able to conclude that the weight-doubling time of bladed colonies, i.e. In 2 X rP1 at f = 0.652 X lo-' d-l, is -1,065 d (i.e. 3 years). The explanation of this slow growth is that the mass increase takes place almost entirely at the tips growing at the arc-shaped periphery of this morphotype. A. variabilis and S. pistillata grow faster than A4. dichotoma, which is in agreement with the observations of Bak (1976) and Lewis (1989) . A. variabilis doubles in mass in -425 d (1.2 yr). S. pistillata may grow even faster, but strictly speaking, no constant doubling time should be applied to this species. Indeed, the fact that in S. pistillata the parameter r turned out to be dependent on the initial size, W,, of a colony (Fig. 3 ) may be interpreted as demonstrating a relationship between the relative growth rate and the current weight of the same colony. In other words, the relative growth rate of S. pistillata does not remain constant throughout its lifetime, meaning that in this species, growth accelerates with colony size and age, probably until a certain size and age of incipient senescence are reached (Rinkevich and Loya 1986) . Conceptually, a similar extension of the results, however, with a constant growth rate, was made by pseudo-combining a number of different colonies into synthetic, single, long-lived colonies of M. dichotoma and A. variabilis. That was how the doubling time in these species was estimated. When we applied the derived, constantly increasing growth rate, an average doubling time of S. pistillata (within the weight range of colonies of 30-160 g) was estimated at 460 d (1.3 yr). This estimate is close to that found by Dubinsky et al. (1984) with the use of radiotracers.
To avoid possible size effects when analyzing the seasonality, we transformed the data to relative units, defining the relative deviations from thenexponential trend for every day of weighing, i, as [ W, -W(t,)]lW(t,). The average relative deviations for five bladed colonies of M. dichotoma, four colonies of S. pistillata, and five colonies of A. variabilis are presented in Fig. 4 . Two of the species, M. dichotoma and A. variabilis, exhibited marked oscillations of growth (in weight) with nearly l-year periodicity, superimposed upon the main trend of weight increase. The period and phase of these oscillations were independent of the initial colony weight. The deviations from exponential weight trend in S. pistillata did not show such seasonal periodicity.
According to our measurements, the seawater density changes did not exceed 0.9 X lo-? g cm--'. The volumes of the colonies at the end of the experiment were within the range of 20-30 cm", so the possible variation in the Archimedean force due to changes in water density may be estimated as 0.03 g or less. As the colony weights changed from 20 to 80 g, it suggests that the relative error due to neglecting the effect of changes in water density may be estimated as 0.0004-0.0015, (i.e. 0.15% max.). The amplitude of the seasonal variability in our experiments was an order of 1 g (Figs. 2, 4) , and therefore the possible error in the results presented in Fig. 4 that is due to the water density changes could be -3%. Thus, the results concerning seasonality are significant even for a single colony, to say nothing of the among-colony average estimates. Table 1 ; A, A. variabilis, colony 1, Table 2 ; S, S. pistillata, colony 3, Table 3 ). Points joined by thin line segments indicate observations, solid lines indicate the fitted exponential curves (for parameters, see Tables l-3) and letters above the time axis indicate months. In the case of A4. dichotoma, the phase shift of the fitted harmonic oscillation (Fig. 4a) with respect to the beginning of measurements (17 December 1992), which is the zero of this sinusoid nearest to the origin, is 53 d (i.e. 1.7 months). Because the phase shift in the oscillations of the ambient temperature is approximately -0.5 month, it means that the delay in the hydrocoral growth oscillations with respect to seasonal changes in the temperature is -2.2 months (Fig.  4a) . Similar results have been obtained when analyzing seasonal growth variability of A. variabilis (Fig. 4b) . Here, the phase shift in the fitted harmonic oscillation with respect to the beginning of the measurements is 38 d, which yields a 1.8-month delay with respect to the temperature oscillation. Stated in round numbers, then, the time lag with respect to the temperature in A. variabilis and M. dichotoma is actually the same, i.e. 2 months.
The observed oscillations of coral colony growth closely track the changes in temperature of seawater, although with a 2-month delay (Fig. 4a, b) . In past studies the relationship of calcification rate in corals to temperature was deduced from the large-scale latitudinal changes in the growth rates of a few coral species, as well as from field studies based on monitoring the relationship between growth rates of transplanted corals to the ambient water temperature (see review by Buddemeier and Kinzie 1976) . Recently, Lough et al. (1996) , analyzing the long-term variability in a 77-year-long series of data on Porites of the Great Barrier Reef, found a pronounced positive correlation between the calcification rate and the seawater temperature, while no significant phase shift between these two parameters had been observed. We think this concept to be appropriate to the annual cycle of coral growth as well. In other words, a coral reacts to the seasonal changes in water temperature nearly immediately by changing its calcification rate and, hence, the absolute weight growth rate, dW(t)ldt. The weight itself, W(t), being an integral of the absolute growth rate with respect to time, has to lag in its seasonal oscillations behind these of temperature. For example, in the case of regular sinusoidal seasonal oscillation in dW(t)ldt, a 3-month phase-shifted sinusoidal oscillation in W(t) would be apparent. It is rather close to our experimental estimate of 2 months. The geological data cited above, which suggest that the absolute growth rates change in response to water temperature, support also tying in our relatively short-term measurements to long-term phenomena and, hence, the conclusions regarding the doubling times of the three species. Bioavailability of atmospheric organic nitrogen deposition to coastal phytoplankton Abstract-Atmospheric dissolved organic nitrogen has recently gained attention as a significant additional source of "new" N loading to the oceans. The effect of atmospheric N on marine productivity depends on the biological availability of both inorganic and organic N forms. Event-based measurements for coastal North Carolina showed that -30% of rainwater N concentration and deposition was organic N. Enrichment bioassay results suggested that -2O-30% of atmospheric organic N is available to primary producers on short (hours to days) time scales, Atmospheric N loading estimates, therefore, should include all available N inputs to properly assess the impact of N deposition on coastal and oceanic primary productivity.
Atmospheric nitrogen is a quantitatively important source of external or "new" N loading to geographically diverse marine and freshwater ecosystems (Paerl 1993 (Paerl , 1995 Jassby et al. 1994) . Increasing new N inputs are often considered the cause of coastal eutrophication, as indicated by accelerating primary productivity (Paerl 1993; Nixon 1995) . In a recent report, Cornell et al. (1995) showed that dissolved organic N (DON) is "a significant component of precipitation" and may double current estimates of atmospheric combined N inputs to oceans. Cornell et al. (1995) contended that the impact of this additional N on oceanic primary productivity and trophodynamics will remain unknown until the bioavailability of atmospheric DON (ADON) is determined. Only a few studies have addressed the question of bioavailability directly (e.g. Timperley et al. 1985) , and, to the best of our knowledge, none has used marine phytoplankton communities. Comprehensive ADON measurements and results from enrichment bioassays presented here show ADON to be at least partially available as a nutrient for coastal phytoplankton.
Precipitation from rain was collected at a coastal west Atlantic Ocean location (Institute of Marine Sciences, Morehead City, North Carolina) using an Aerochem Metrics Model 301 wet/dry collector (wet side). An event was defined as a distinct weather system (e.g. frontal passage, tropical depression) or rain followed by 12-24 h without detectable precipitation. Rainwater was filtered through precombusted (45O"C, 3-4 h) Whatman GF/F glass-fiber filters and stored
